Bacteriophage-encoded serine recombinases have great potential in genetic engineering but their catalytic mechanisms have not been adequately studied. Integration of fBT1 and fC31 via their attachment (att) sites is catalyzed by integrases of the large serine recombinase subtype. Both fBT1 and fC31 integrases were found to cleave single-substrate att sites without synaptic complex formation, and fBT1 integrase relaxed supercoiled DNA containing a single integration site. Systematic mutation of the central att site dinucleotide revealed that cleavage was independent of nucleotide sequence, but rejoining was crucially dependent upon complementarity of the cleavage products. Recombination between att sites containing dinucleotides with antiparallel complementarity led to antiparallel recombination. Integrase-substrate pre-incubation experiments revealed that the enzyme can form an attP-integrase tetramer complex that then captures naked attB DNA, and suggested that two alternative assembly pathways can lead to synaptic complex formation.
Introduction
Site-specific recombination involves exchange between two DNA molecules at predefined sites in each partner, resulting in the integration, excision or inversion of one molecule with respect to the first (Grindley et al., 2006) . Although the mechanisms of site-specific recombination have been studied for many years, including the elucidation of the structure of bacteriophage l attachment (att) sites and the synapsis complex (Hsu et al., 1980; Richet et al., 1988; Biswas et al., 2005) , site-specific recombination was primarily of academic interest until directed integration found genetic engineering applications both in vivo and in vitro, and in hosts ranging from prokaryotic to eukaryotic cells and from plants to mammals (Hartley et al., 2000; Luo et al., 2000; Groth and Calos, 2004; Chen and Woo, 2005) .
Comparison of catalytic mechanisms and amino acid sequences of the site-specific recombinases has classified the majority into subgroups that use either tyrosine or serine to attack the sugar-phosphate backbone. Int family tyrosine recombinases include l Int protein and Cre integrase, whereas resolvase/invertase family serine recombinases include gd resolvase and Sin recombinase (Thorpe and Smith, 1998) . Site-specific recombination systems comprise three basic features: the recognition sites, a specific recombinase enzyme (and cofactors in some cases) that act on these specific sites and the biochemical mechanisms employed for recombination (Richet et al., 1988; Thorpe and Smith, 1998; Grindley et al., 2006) . The two recombinase families differ in all three features. In l integration the two attachment sites (attB, 25 bp, located on the bacterial chromosome and attP, 240 bp, in the phage genome) differ in sequence. attP contains binding sites for the integrase and for integration host factors; binding of these proteins to attP generates an 'intasome' that then captures attB to initiate DNA cleavage and strand exchange (Richet et al., 1988) . Generation of recombination products, attL and attR, is inhibited by recombination directionality factor and the reactions require substrate supercoiling. In contrast, the res site of the gd transposon is 120 bp in length and contains three binding sites for resolvase dimer. Dimers bound to each of the three sites adopt a different conformation; only site I contains the DNA cleavage and rejoining site (Grindley et al., 2006) . Furthermore, recombination catalyzed by tyrosine recombinases involves a Holliday junction intermediate where the C-terminus tyrosine is covalently linked to 3 ′ -phosphate of the DNA substrate, and cleavage and rejoining of the strands proceed sequentially. In contrast, serine-mediated recombination involves double-strand breakage, generates a free 3 ′ -hydroxyl, and is followed by subunit rotation and strand religation. The timing and mechanism of serine recombinase DNA cleavage remain uncertain, although the double-strand breakage was thought to occur in the synaptic complexes (Grindley et al., 2006) . Several important serine recombinases differ from other family members in that they contain an unusually large C-terminal DNA recognition and binding domain. This feature suggests that these enzymes, known as large serine recombinases, could employ different molecular mechanisms for catalyzing and regulating recombination. Integrases from mycobacteriophages Bxb1 and fRv1, and from Streptomyces phages fC31 and fBT1, are the best-studied large serine recombinases (Groth et al., 2000 (Groth et al., , 2003 Thorpe and Smith, 1998; Bibb et al., 2005; Chen and Woo, 2005; Nkrumah et al., 2006; Zhang et al., 2008) . Their recombination sites are short (30-50 bp in length, with attP being longer than attB) without any accessory sequences, and purified integrase efficiently catalyzes in vitro recombination between attB and attP. The sole determinants of the orientation or polarity of recombination appear to be the central dinucleotides of each site: substrates with symmetrical central dinucleotides lose orientation control, leading to incorrectly joined products (Ghosh et al., 2003; Smith et al., 2004b) . The directionality of recombination is strictly controlled by synapsis, and moreover excision recombination (between attL and attR) generally does not take place in the absence of excisionase (Xis) (Bibb et al., 2005; Ghosh et al., 2006) , although extremely low efficiency of excision was detected in fBT1 recombination (Zhang et al., 2008) . Synapsis formation is thought to involve binding of an integrase dimer to each site; this then facilitates formation of a synaptic complex in which DNA cleavage, strand exchange and rejoining take place (Ghosh et al., 2005; Gupta et al., 2007) . Nevertheless, in the absence of crystallographic data regarding the structures of the integrase tetramer and the synaptic complex (Yuan et al., 2008) , the molecular mechanisms that underlie recombination mediated by the large serine recombinases remain unknown.
We previously established a highly efficient site-specific in vitro recombination system based on purified fBT1 integrase. Although the sequences of attB and attP are different, both contain a core GT dinucleotide flanked by an imperfect inverted repeat within which cleavage and strand exchange are thought to take place (Gregory et al., 2003) ; the minimal sizes of the two sites were determined to be 36 and 48 bp, respectively (Zhang et al., 2008) . We have now used this system to investigate the biochemical mechanisms underlying synapsis, strand cleavage and rejoining. In contrast to classic serine recombinase systems, DNA cleavage was found to take place in the absence of synaptic complex formation, and integrase tetramer pre-bound to attP was able to capture naked attB DNA into a synaptic complex. We propose a model in which two alternative pathways can lead to synaptic complex formation.
Results

DNA cleavage is independent of synaptic complex formation
Synapsis is generally required for serine recombinase activation (Grindley et al., 2006) and strand cleavage at crossover sites is thought to take place within the synaptic complex. To confirm that fBT1 integrase only cleaves substrate DNA within synaptic complexes, we compared the in vitro cleavage of all four att substrates in isolation versus the cleavage of the attB/attP DNA pair. Although only cleavage of the paired substrates was expected, the experiment demonstrated that the four substrates in isolation were also weakly cleaved ( Figure 1A) ; and cleavage was enhanced with addition of ethylene glycol, which inhibits strands rejoining. Nevertheless, cleavage efficiencies of single DNA substrates were generally lower than for paired DNA substrates. Substrates and predicted cleavage products were listed in Supplemental Figure S1 .
To confirm that this cleavage is an inherent property of the enzyme, we used a mutated form lacking the key serine residue. Sequence alignment identified Ser26 as the catalytic serine residue within fBT1 integrase, and in the mutant S26A this residue was mutated to alanine. As shown in Figure 1A , the S26A integrase could form synaptic complexes (Supplemental Figure S2 ) but was incapable of DNA cleavage of either single or double DNA substrates. Another large serine recombinase, fC31 integrase, was also found to cleave single DNA substrates in isolation ( Figure 1B ) although, as for fBT1 integrase, the cleavage efficiency was lower than for double DNA substrates.
To explain cleavage of single substrates we considered two explanations. First, integrase could bind to two copies of an identical attachment site, generating a synaptic complex that then leads to substrate cleavage. Second, synapsis might not be essential for strand cleavage. We therefore investigated synaptic complex formation by fBT1 integrase in the presence of single DNA substrates or with the attB/attP substrate pair. Synaptic complexes were only formed in the presence of both attB and attP ( Figure 1C ). This finding is in accord with previous observations using a catalytically defective mutant S10A fC31 integrase (Smith et al., 2004a) . Together these data argue that, although synapsis accelerates cleavage and strand exchange, DNA cleavage can take place in the absence of synaptic complex formation.
fBT1 integrase catalyzes topological relaxation of plasmids with single integration sites
Since the cleavage of single DNA substrates was weakly detected without the inhibiting of strands rejoining, it is possible that the DNA ligation activity of the fBT1 integrase is more efficient than the cleavage activity. However, DNA cleavage and rejoining may induce changes to the topology of substrates. Although recombination mediated by fBT1 integrase is independent of substrate supercoiling (Zhang et al., 2008) , incubation of supercoiled plasmid DNA containing integration sites with integrase enzyme led to loss of superhelicity (Figure 2) , a finding consistent with single-substrate cleavage. fBT1 integrase-mediated topological relaxation was observed using plasmids containing either attB or attP in the absence of partner DNA (Figure 2A and B ). This contrasts with previous studies on Bxb1 integration and excision, and on fRv1 integrase-mediated excision, where relaxation of the supercoiled substrate was strictly dependent upon the presence of appropriate partner DNA (Ghosh et al., 2003 (Ghosh et al., , 2008 . However, relaxation of superhelical DNA substrates was increased by the addition of partner DNA that had lost the capacity to rejoin due to mismatched ends ( Figure 2C and D) . When the same assay was performed using wild-type partner DNA, relaxation products were converted into integration products and relaxation products were no longer detectable after Figure 1 Single DNA substrate cleavage by fBT1 and fC31 integrases. (A) DNA cleavage of attB, attP, attL, attR or attB and attP catalyzed by fBT1 integrase. Substrates were incubated fBT1 integrase (or the catalytically defective mutant S26A) in the presence of different concentrations of ethylene glycol; products were treated with proteinase K prior to electrophoresis. The positions of attB, attP, attL, attR, and cleaved B-, B ′ -, P-and P ′ -half-sites are indicated. For details of substrates and products see Supplemental Table S1 and Figure S1 . (B) DNA cleavage of attB, attP, attL, attR or attB and attP catalyzed by fC31 integrase. Assays were performed as in (A). The bands indicated by hollow arrows could result from secondary cleavage sites of fC31 integrase (Warren et al., 2008) . (C) Detection of synaptic complexes formed by fBT1 integrase and different recombination sites. attB 212 , attP 247 , attL 306 and attR 153 were FAM-labeled and incubated with or without integrase, as indicated, and all four unlabeled partner fragments (attB 135 , attP 96 , attL 306 and attR 153 , respectively) containing the GA mutation of the central dinucleotide. The positions of free DNA and Int-DNA complexes are indicated. 2 h of incubation ( Figure 2E and F); this result is in accord with the rapid kinetics of fBT1 integrase-mediated recombination reported previously (Zhang et al., 2008) . Cleavage and relaxation of plasmid DNA were dependent on substrate sequence. Excision (attL/attR) recombination (Zhang et al., 2008) and single-substrate cleavage of attL as well as attR ( Figure 1A) were detected, whereas topological relaxation catalyzed by fBT1 integrase using supercoiled attL or attR plasmids was not observed ( Figure 2G and H), irrespective of whether partner DNA was added or not (data not shown).
Rejoining of cleaved half-sites is inhibited by mismatched ends
Strand cleavage and exchange are thought to take place at the central GT dinucleotides of attB and attP (Gregory et al., 2003) .
To investigate the role of the local nucleotide sequence we introduced a series of single base pair substitutions into attB. Each nucleotide of the central AAGTGA sequence was replaced by its complement ( Figure 3A) ; mutant sequences were analyzed for in vitro recombination. No recombination products could be detected following single alterations of the central GT dinucleotide, whereas flanking substitutions had no effect on recombination efficacy ( Figure 3B ).
Recombination mediated by large serine recombinases takes place via sequential DNA binding, synapsis, DNA cleavage and strand exchange (Ghosh et al., 2005) . Strand exchange and rejoining during fC31 or Bxb1 integrase-mediated recombination was previously reported to be impaired by non-complementary base-pairing, although recombination took place when the two sites contained the identical mutation (Ghosh et al., 2003; Smith et al., 2004b) . To address whether this might be the case with fBT1 we analyzed a series of mutants containing different substitutions within the central GT dinucleotide. Although these generally abolished recombination, a pair of mutated attB and attP sites with identical substitutions was found to participate in recombination ( Figure 3C ).
To confirm that mutated partner sequences bearing identical substitutions can efficiently participate in recombination, fluorescent (FAM)-labeled attP 247 or attB 212 (fragment lengths in subscript) and different mutant derivatives were incubated with their unlabeled partners, attB 135 or attP 96 , respectively. Wild-type sites Figure 3 Role of the fBT1 recombination site core region. (A) The minimal sequences of attB and attP are underlined; the central GT core dinucleotide I highlighted. The six base pairs of attB (bold) were systematically mutated. (B) Recombination between wild-type attP (3313 bp; pZLP00 digested with EcoRI) and mutant attB (1052 bp; containing base substitutions introduced by PCR); the product sizes were predicted as 2701 bp for attL and 1664 bp for attR. Reactions used standard recombination conditions and were analyzed by 1% agarose gel electrophoresis. The four substitutions outside the central dinucleotide had no effect (lanes 3, 4, 7 and 8), but central dinucleotide changes strongly inhibited recombination (lanes 5, 6). (C) Cross-reaction between wild-type or mutant attP (3313 bp, pZLP00, pZLP01 or pZLP06 digested with EcoRI) and attB (as in B). Substrates containing identical base substitutions recombined efficiently (lanes 6 and 10). FAM-labeled wild-type or mutant (GA) attP 247 (D) or attB 212 (E) was incubated with fBT1 integrase and unlabeled partner DNA, attB 135 or attP 96 , respectively. To detect the cleaved half-sites of attB or attP, 30% ethylene glycol (EG) was added as indicated; recombination and cleavage products were analyzed following proteinase K treatment. The positions of the attP:Int and attR:Int synaptic complexes, attP 247 , attR (153 bp), the cleaved P half-site (55 bp), and attB:Int, attL:Int, attB 212 , attL (155 bp) and the cleaved B half-site (114 bp) are indicated. The addition of 30% EG slowed band migration on gel electrophoresis. efficiently recombined in this assay, and integrase-DNA complexes were formed by both substrates and products as revealed by super-shifted complexes presumed to be synaptic complexes and recombination intermediates ( Figure 3D and E). To enrich for cleaved products 30% ethylene glycol was added to inhibit strand rejoining (Boocock et al., 1995) ; cleaved half-sites covalently linked to integrase were detected after proteinase K treatment ( Figure 3D and E, lanes 1-6) . In contrast to the efficient recombination observed with wild-type sites, recombination was strongly inhibited when one of the recombination sites was mutated, although DNA cleavage and synapsis still took place ( Figure 3D and E, lanes 7-14) . Nevertheless, pairs of sites with identical mutations were recovered the capacity for strand exchange and rejoining ( Figure 3D and E, lanes 15 -18). These observations indicate that the central dinucleotide sequence is not specifically recognized during strand cleavage (Grindley et al., 2006) , but moreover, that recombination requires identity between the central dinucleotides of the two substrate sites, and rejoining of cleaved half-sites is inhibited by mismatched ends. The central dinucleotide sequence is therefore unlikely to play a role in either site recognition or DNA cleavage during fBT1 integration.
Matching dinucleotide mutant sites participate in recombination with identical efficiency
To address whether recombination takes place between matching partner sites, irrespective of the central dinucleotide sequence, PCR mutagenesis of attB and attP was used to prepare plasmids containing all possible dinucleotide combinations. Pairs with identical sequences were analyzed for attP/attB recombination in vitro. All 15 mutated site-pairs with identical central dinucleotides were active in integration ( Figure 4A and Supplemental Table S2 ). To calculate the recombination efficiency of each mutated site-pair we used a quantitative in vitro integration assay. Plasmid substrates were constructed in which attB (or its mutant) were inserted in-frame into lacZa of plasmid pBC-SK(-) and attP (or its mutant) was cloned into pMD19 (see Supplemental Table S1 ). Following in vitro recombination using these substrates the products were transformed into Escherichia coli and plated on indicator media: white colonies indicated that recombination had occurred ( Figure 4C ). When wild-type or mutated (GA) sites were present in both plasmids more than 90% of Tables  S1 and S2 ). Generation of attL (1.0 kb) and attR (2.5 kb) demonstrated efficient recombination between mutant substrates; attB, attP, attL, attR and corresponding mutants are indicated. (B) Schematic diagrams of the substrates used and the expected recombination products shown in (A). (C) Map of plasmids used for scoring recombination efficiency. The recombination target attB (or its mutants) was inserted into lacZa so that LacZ activity was abolished by recombination. (D) In vivo detection of in vitro recombination products. After in vitro recombination, plasmids were transformed into E. coli DH5a and were plated on indicator medium; white clones are produced by recombination. The substrate ratio was 5:1 (attP:attB). The upper left and lower right panels show representative plates using wild-type (GT) and mutant (GA) sequences in both plasmids, respectively. Upper right and lower left panels show representative plates following either attP (GT)/attB (GA) and attP (GA)/attB (GT) recombination, respectively. (E) Quantification of in vitro recombination efficiencies between attB and attP (or their mutants). The recombination efficiencies of wild-type (grey bar) and mutant substrates (white bars) were not significantly different.
colonies were white, indicating highly efficient recombination ( Figure 4D) . Intriguingly, when the substrate dinucleotide sequences were mismatched (GT in one and GA in the other) almost no white colonies were obtained, indicating that mismatching affords a near-absolute barrier to recombination.
Total white colony counts afforded a measure of recombination efficiency; reactions of all 16 pairs harboring identical mutant dinucleotide sequences were analyzed by this method (Supplemental Table S3 ). Recombination efficiencies were systematically above 80 -90% irrespective of the central dinucleotide sequence ( Figure 4E ).
Central dinucleotide mutations can result in antiparallel recombination
Previous studies on Bxb1 integration (Ghosh et al., 2003) and excision (Ghosh et al., 2008) , as well as on fC31 integration (Smith et al., 2004b) and mutated integrase-mediated excision (Rowley et al., 2008) , showed that large serine recombinases can catalyze both parallel and antiparallel recombination. This suggested that orientation control could be lost where core dinucleotide mutation generates adjacent nucleotide pairs with antiparallel complementarity. To address whether the fBT1 integrase is able to catalyze antiparallel recombination, plasmid DNAs containing all 12 combinations of (non-identical) antiparallel complementary dinucleotide pairs were analyzed by restriction mapping and DNA sequencing. Recombination at wild-type sites joins the B half-site of attB (B0B ′ ) to the P ′ half of attP (P0P ′ ) to generate attL (B0P ′ ), and recombination similarly generates attR (P0B ′ ). However, analysis of mutant recombination products revealed that the B half-site of attB was joined in an antiparallel reaction to the P half of attP, and the B ′ half-site was joined to the P ′ half-site, generating aberrant products B0P and B ′ 0P ′ (data not shown). As shown in Figure 5A , in all 12 cases recombination Figure 5 The polarity of recombination sites. (A) In vitro recombination of substrate pairs containing all 12 dinucleotide combinations with antiparallel complementarity. Substrates were a 1052 bp DNA fragment comprising attB or its mutants (PCR-amplified as described in Figure 3B ) and a 3313 bp fragment comprising attP or its mutants (as described in Figure 3B , and series of plasmids digested with EcoRI; Supplemental Table S1 ). Conventional (parallel recombination) products were 2701 bp (attL or BOP ′ ) and 1664 bp (attR or POB ′ ) in length;
products of antiparallel recombination were 3717 bp (Product I or B ′ OP ′ ) and 648 bp (Product __ or BOP) in length. Central dinucleotide mutations were as indicated; mechanisms of parallel and antiparallel recombination are depicted in (C) and (D). (B) Pairs of substrates containing palindromic central dinucleotides participate in both parallel and antiparallel recombination with equal efficiency. attB or its mutants were PCR-amplified as described in Figure 4A ; plasmid substrates containing attP or its mutants were predigested with EcoRI (see Supplemental  Table S1 )
. (C and D) Schematic diagrams of the recombination reactions shown in (A) and (B). (E)
Quantification of in vitro recombination efficiencies between mutated antiparallel attB and attP. There were no significant differences in efficiency between parallel (grey bar, wild-type) and antiparallel recombination (white bars). (F) In vitro recombination between mutated attB and attP with perfect inverted repeats. BB and B ′ B ′ indicate mutated attB sites containing perfect inverted repeats of either the B-or B ′ -half sequences, respectively; PP and P ′ P ′ indicate mutated attP containing perfect inverted repeats of either the P-or P ′ -half sequences. Wild-type and mutated attB DNA substrates (2 kb) were PCR-amplified from the relevant plasmids (Supplemental Tables S1 and S2 ). Products were 1 and 2.5 kb. (G) Quantification of in vitro recombination efficiencies between mutated substrates with perfect inverted repeats and wild-type DNA (see Supplemental Materials).
between site-pairs containing central dinucleotides with antiparallel complementarity generated the aberrant products (termed here products I and II). This indicated that recombination had occurred via antiparallel alignment ( Figure 5C ), whereas parallel alignment of the two sites produced mismatched ends incompatible with religation. The relative recombination efficiencies of these 12 site-pairs are shown in Figure 5E . This raised a question regarding palindromic central dinucleotides that could be compatible with both parallel and antiparallel alignment. Accordingly, plasmids generated in the corresponding recombination reactions (Figure 4) were analyzed. As shown in Figure 5B and D, orientation control was lost during recombination between the four substrate pairs with palindromic central dinucleotides, and parallel and antiparallel products were formed with equal efficiency.
The core sequences of attachment sites are flanked by imperfect inverted repeats (Gregory et al., 2003) that are likely to influence recombination. We therefore studied recombination efficiencies between att sites containing perfect inverted repeats. As shown in Figure 5F , recombination was observed using both POP (PP, containing P half-sites on both sides) and BOB (BB, containing B half-sites on both sides) ( Figure 5F , lane 6 and Supplemental Figure S4) . However, the recombination efficiency for the site containing P half perfect repeat sequences was depressed by more than 30% ( Figure 5G) , suggesting that the right side of attP plays the more important role in recombination.
Integrase tetramer can bind to attP and then capture naked attB
To gain further insights into integrase-mediated recombination we studied the effects of varying enzyme concentration. As shown in Figure 6A , more attB/attP recombination products were formed as enzyme concentration increased (from 3 to 75 nM, lanes 2-6), but recombination was inhibited as enzyme concentration was increased further (from 150 to 1500 nM, lanes 7-10). To explain this finding we considered that, during l integration, association of attB with attP can proceed via two different synapsis pathways: (i) two DNA-bound integrase dimers bind to each other via protein-protein interactions or (ii) two integrase dimer pairs bind to attP to form an intasome; this complex then captures attB naked DNA (Richet et al., 1988; Ghosh et al., 2005) . The latter pathway could explain the recombination inhibition at saturating enzyme concentrations. Crosslinking experiments performed with 300 nM integrase confirmed the existence of tetrameric protein in solution ( Figure 6B) ; and as shown in Supplemental Figure S3 , the multimers increased in abundance as enzyme concentration was increased in the presence of DNA substrates.
These observations raised the intriguing question of whether DNA-bound fBT1 integrase can capture naked DNA. We therefore performed a two-step experiment where the enzyme was then pre-incubated with either fluorescent-labeled attP or unlabeled attB; the respective partner DNA was subsequently added and recombination products were measured after further incubation. Larger amounts of product were formed following pre-incubation of enzyme with attP than following pre-incubation with attB ( Figure 6C) ; and the same result was observed when the reciprocal experiments were performed using fluorescent-labeled attB and unlabeled attP ( Figure 6D) . This could reflect different conformations of integrase tetramer bound to attB versus attP that differ in their ability to capture partner DNA (Grindley et al., 2006) ; and these data support a model in which Int tetramer bound to attP can capture naked attB DNA into the synaptic complex ( Figure 6E ).
Discussion
Recombination by bacteriophage large serine recombinases appears to be more complex than for tyrosine (l integration) or conventional serine recombinases (Tn3 and gd transposition) (Richet et al., 1988; Grindley et al., 2006) . We report that the fBT1 integrase synaptic complex is only formed in the presence of both attB and attP. Furthermore, as generally reported for sitespecific recombination systems (Richet et al., 1988; Ghosh et al., 2003; Smith et al., 2004b) , recombination catalyzed by fBT1 integrase was completely abolished by mismatched ends that prevent base-pairing and ligation. However, in contrast to the gd resolvase system, for example, where the res site I contains a high degree of sequence symmetry (Ghosh et al., 2003) and a complicated regulatory pathway is employed to achieve particular outcomes (Grindley et al., 2006) , we report that orientation control in the fBT1 integration system relies solely on the extent of matching within the dinucleotide core of the att site. Efficient recombination only took place when the dinucleotide cores matched in sequence, and irrespective of the sequence involved. This argues that the dinucleotide core itself plays no role in DNA recognition by fBT1 integrase. Furthermore, recombination using different combinations of central dinucleotides revealed that the fBT1 integrase can catalyze both parallel and antiparallel recombination depending on the respective orientations of the matching nucleotides. Loss of orientation control with symmetrical dinucleotides could be a specific property of large serine recombinase systems. However, the attachment sites are composed of imperfect inverted repeats flanking the core dinucleotide, and the two half-sites could thus make qualitatively different contributions to recombination. Previous experiments with mutated fC31 attB sites showed that the B arm was more active than the B ′ arm (Gupta et al., 2007) , and different binding affinities for Bxb1 integrase were demonstrated using a series of attBand attP-derived DNA substrates (Ghosh et al., 2005) . In the experiments reported here, replacement of one half-site at each site with the other half-site to generate perfect repeats had significantly different effects on recombination efficiency, indicating that integrase differentially interacts with the two half-sites. Supplemental Figure S4 summarizes conservative positions within the sites, variable nucleotides at other positions could affect the conformation of bound integrase protein, as reported in other systems (Smith et al., 2004a) .
In view of their high efficiency and target selectivity, sitespecific recombination systems have been widely exploited as genetic engineering tools and as gene therapy DNA delivery methods. However, understanding their molecular mechanisms has been hampered because only one specific pair of recombination sites is generally available for each recombinase (Siegel et al., 2001) . Mutations of central core dinucleotides that produce mismatched ends impair recombination (Siegel et al., 2001; Langer et al., 2002) and we confirmed that recombination is controlled strictly by the matching of the two core dinucleotides. Recombination was almost entirely abolished by mismatching dinucleotide cores. This raises the possibility that two or more pairs of sites, whose dinucleotide cores are identical between each pair, but whose sequences differ between the two sets of pairs, could be used either in vitro or in vivo in conjunction with fBT1 integrase alone to catalyze simultaneous and multiple recombination events. Furthermore, several phage-encoded sitespecific recombinases, including Streptomyces phage fC31 and mycobacteriophage Bxb1 as well as fRv1 (Ghosh et al., 2003; Smith et al., 2004b; Bibb et al., 2005) , have similar properties to fBT1 integrase in this regard. Central dinucleotide mutations of these integration systems could be used to generate a library of paired donor and target sites for complex genetic engineering applications.
Both fBT1 and fC31 integrases were able to catalyze the in vitro cleavage of single-site substrates (attB, attP, attL and attR); cleavage took place in the absence of synaptic complex formation. Although it was previously proposed that synaptic complex formation is a pre-requisite for fC31 integrase activation and DNA cleavage (Gupta et al., 2007) , our data demonstrate cleavage in the absence of synapsis. In addition, synaptic complex assembly is unlikely to be a pre-requisite for strand cleavage in Flp site-specific recombination (Voziyanov et al., 1996) , although strand cleavage within a subcomponent of the synaptic complex was not excluded, whereas recombination required the complete synaptic complex. However, Sin serine recombinase can catalyze both strand cleavage and religation in the absence of synapsis (Rowland et al., 2002) . Both reports indicate that single-substrate cleavage and rejoining does not require either synapsis or partner sequences. Nevertheless, we report that the cleavage efficiency of single DNA substrates is less than when both paired substrates are available. As discussed in the previous reports, if cleavage and ligation are strongly biased in favor of ligation, few, if any, cleaved products would accumulate in the presence of both substrates (Voziyanov et al., 1996) . Synapsis formation is therefore likely to play a more important role in determining the overall outcome of recombination than in activating strand cleavage.
Unlike Bxb1 integrase topoisomerase activity (Ghosh et al., 2003) , site-specific relaxation of supercoiled substrates by fBT1 integrase was not dependent on partner DNA. This was unexpected because both belong to bacteriophage large serine recombinase family. However, this property is shared by l integrase-mediated DNA relaxation where nicking-closing activity at integration sites was independent of partner DNA (Kikuchi and Nash, 1979) , and l integrase relaxed supercoiled plasmids containing either 0, 1 or 2 att sites with the same efficiency (Craig and Nash, 1983) . It is, although, notable that fBT1 integrase-catalyzed relaxation of target DNA was stimulated in the presence of partner DNA. We surmise that topological relaxation can be initiated by binding of integrase to the target interaction site, but partner DNA permits synaptic complex formation that then facilitates relaxation. Nevertheless, our finding that fBT1 integrase was unable to relax target DNAs containing attL and attR, but could cleave the same substrates in isolation (compare Figure 1 with Figure 2G and H) is difficult to explain. However, it is possible that relaxation of attL and attR targets takes place at a slower rate; this might reflect a further mechanism controlling the directionality of recombination.
It was previously proposed that the binding of large serine recombinase to different att sites generates different integrase conformations, generating complementary protein interfaces for synapsis (Thorpe et al., 2000; Ghosh et al., 2005) . Because both isolated att substrates can be bound by integrase tetramers, particularly at high enzyme concentration, one can surmise that the Int tetramers bound to attB and attP adopt distinct protein conformations. In support, attP:Int and attB:Int complexes differed in their ability to interact with partner att sites. This experiment also indicated that the attP:Int tetramer can capture naked attB DNA and generate recombination products, as demonstrated for phage l integration (Richet et al., 1988) . It is possible that integrase synthesis during bacteriophage infection preferentially results in attP binding to an integrase tetramer in search of a partner integration site (attB), whereas primary binding to attB is less likely.
In conclusion, our new observations of (i) single-substrate cleavage and (ii) the capture of naked attB DNA by Int tetramer bound to attP, revealed new insight into the mechanisms of DNA cleavage and synapsis formation during site-specific recombination mediated by bacteriophage-encoded large serine recombinases.
Materials and methods
Preparation of enzymes and DNAs
A mutant of fBT1 integrase, S26A, with the putative active-site serine changed to alanine was isolated through in vitro mutagenesis (Sambrook and Russell, 2001 ) using plasmid pZL5808 DNA as the template (Zhang et al., 2008) . For fC31 integrase, the int gene was amplified from pSET152 (Kieser et al., 2000) and cloned into pET-28(+) (Novagen) to yield pZL5806, that now carries a poly-His tag fused at the N-terminus of the fC31 integrase gene. Protein expression and purification were performed as described previously (Zhang et al., 2008) . Details of the plasmids and primers used in this study are described in Supplemental Tables S1 and S2 .
Standard in vitro recombination assays
Standard recombination was carried out in a reaction mixture (10 ml) containing 10 mM Tris -HCl, pH 8.0, 100 mM KCl, 5% glycerol and integrase (4 U in 0.5 ml, 75 nM) (Zhang et al., 2008) except where otherwise indicated. Each reaction contained 30 ng DNA substrates and the final concentration of monovalent cations was 150 mM. Reactions using linear DNA substrates were incubated at 308C for 30 min and were terminated by heat inactivation at 758C for 10 min or treated with proteinase K at 558C for 30 min; products were separated by electrophoresis on agarose gels (0.8%) or native poly-acrylamide gels (5%). Reactions using supercoiled plasmids for the quantification of recombination efficiency were heat-inactivated at 758C for 10 min followed by transformation into E. coli strain DH5a.
Preparation of carboxyfluorescein (FAM)-labeled DNA
FAM-labeling of DNA fragments was performed by PCR using the primer ZL93 5 ′ -labeled with 5-FAM. attB 212 (or its GA dinucleotide mutant) was amplified from pZLB00 (or pZLB01) using primers ZL95/ZL80 and then labeled using primers ZL93/ZL80; attP 247 (or the GA mutant) was amplified from pZLP00 (or pZLP01) using primers ZL94/ZL82, and then labeled using primers ZL93/ ZL82; attL 306 (or GA mutant) was amplified from pZL5819 (or pZL5820) using primers ZL95/ZL88 and then labeled with primers ZL93/ZL88; attR 153 (or GA mutant) was amplified from pZL5819 (or pZL5820) using primers ZL94/ZL80 and then labeled with ZL93/ZL80. For preparation of unlabeled attB 212 , attP 247 , attL 306 and attR 153 , primer ZL79-1 was used instead of ZL93. Unlabeled primers SeqB1 and SeqB2 were used to amplify attB 135 and primers ZL81/ZL96 for attP 96 .
Electrophoretic mobility shift assay
Approximately 10 ng of FAM-labeled attB 212 , attP 247 , attL 306 or attR 153 DNA (or an equal amount of unlabeled partner DNA as indicated in the text) were incubated with the indicated amounts of integrase (both wild-type and S26A) in a binding mixture (10 ml) containing 20 mM Tris -HCl, pH 8.0, 100 mM KCl, 1 mM DTT, 5% glycerol and 500 ng of sonicated salmon sperm DNA at 308C for 30 min and separated on 5% nondenatured poly-acrylamide gels in 1 × TBE buffer at 4 -108C. Some samples were treated with proteinase K at 558C for 30 min prior to electrophoresis as indicated. DNA bands were visualized by fluorescence imaging using an FLA-9000 Starion Image Scanner (Fuji Film).
Detection and analysis of DNA cleavage
Detection of the cleavage products of the double substrates (attB 212 and attP 247 or their mutants) was performed by adding 30% ethylene glycol (Boocock et al., 1995; Ghosh et al., 2003) to the binding mixtures followed by treatment with proteinase K at 558C for 30 min prior to non-denaturing 5% poly-acrylamide gel electrophoresis. Single-substrate cleavage assays (fBT1 and fC31 integrases) used ascending concentrations of ethylene glycol (10, 20, 30 and 40%, respectively) in the recombination reaction and were incubated at 308C for 16 h followed by proteinase K treatment and separation on 0.8% agarose gels.
